Three-dimensional (3D) metafilms composed of periodic arrays containing single and multiple micrometer-scale vertical split ring resonators per unit cell were fabricated using membrane projection lithography. In contrast to planar and stacked planar structures such as cut wire pairs and fishnet structures, these 3D metafilms have a thickness t ~d/4, allowing for classical thin film effects in the long wavelength limit. The infrared specular far-field scattering response was measured for metafilms containing one and two resonators per unit cell, and compared to numerical simulations. Excellent agreement in the frequency region below the onset of diffractive scattering was obtained. The metafilms demonstrate strong bi-anisotropic polarization dependence. Further, we show that for 3D metafilms, just as in solids, complex unit cells with multiple atoms (inclusions) per unit cell possess a richer set of excitation mechanisms. The highlight of these new coupling mechanisms is the excitation of the 3D analog to the 2D cut-wire-pair magnetic response.
INTRODUCTION
In the seminal paper on metamaterials [1] , the split ring resonator (SRR) was advanced as a possible meta-atom which could provide a magnetic behavior in a spectra region where magnetic activity is absent in natural materials. In the microwave regime, SRRs can be created with multiple concentric split rings and with separations and gaps that are significantly smaller than the operational wavelength of the material. Scaling this structure into the optical regime provides several complications which render the SRR less useful. Fabrication of small scale SRRs with dimensions of the order of micrometers typically requires the use of single split rings [2, 3] , which necessarily allow for bianisotropic excitation, where both the magnetic field as well as the electric field of an incident plane wave can excite the fundamental resonance of the SRR [4] [5] [6] . Furthermore, while the SRR functions as a source for artificial magnetism at microwave frequencies, the ability of SRRs to provide negative permeability at higher frequencies is limited by electron kinetic energy [7] and other deleterious effects which cause the magnetic polarizability to saturate with increasing frequency.
These difficulties associated with SRRs have led to the emergence of alternative meta-atoms for achieving magnetic behavior in the optical regime [8] . Both the fishnet structure [9] [10] [11] and cut-wire pairs [12] [13] , two stacked planar structures, have demonstrated more robust magnetic behaviors at optical frequencies due to their unique excitation mechanism. In both of these stacked planar cases, asymmetric current flow in the parallel metal traces creates a virtual current loop and hence magnetic response. In both cases, however, the excitation of the magnetic resonance is actually a bianisotropic response, where both the magnetic and electric field are capable of driving the resonance associated with the magnetic polarizability moment [14] .
The vast majority of nano/microfabrication approaches are only capable of creating 2-dimensional structures, which are limited in the manner in which they can achieve coupling to incident electromagnetic fields as well as mutual coupling between neighboring inclusions. Three-dimensional fabrication approaches for structures with length scales in the micrometer and sub-micrometer regime are much less common than their two-dimensional brethren. Layer-by-layer approaches [15] can be used to create stacked versions of planar inclusions. Direct laser write [16] and nano-origami [17, 18] approaches can be used to create fully three dimensional structures; however the structures that can be realized by these fabrication approaches may be limited in either form factor or areal packing density of inclusions. Recently Tsai et. *dbburck@sandia.gov; al. [19] have demonstrated vertical split ring resonators (VSRRs) with their gaps oriented on the top of the SRR, fabricated by a two-write e-beam fabrication sequence, and measured enhancement of the magnetic field. While this two-write e-beam approach is capable of fabricating high resolution VSRRs resonant in the optical regime, it would be difficult to create VSRRs with other orientations, such as having the gap to the side.
The recent emergence of planar metasurfaces [20] [21] [22] , where the thickness t is significantly thinner than the design wavelength d (i.e. t << d), is further evidence of the potential power of structured materials. Despite this success, planar configurations are limited in the possible spatial orientations, packing density and interaction mechanisms with incident light. Combining the powerful apparatus and design insight of planar metasurfaces with more conventional 3D thin film
In the original vision of metamaterials, metallic structures significantly smaller than ~d impart electric and magnetic polarizability at a spatial granularity which precludes exchange of momentum with the lattice, and the emergence of diffractive scattering. In practice, most structured materials deviate from this point-approximation, with larger scale resonant structures such as split ring resonators (SRRs) arranged on a lattice with sufficiently small characteristic lattice momentum that diffraction from the lattice must frequently be considered. In addition, the inclusions cannot be treated as homogeneous atoms and typically possess a spectrum of individual normal modes, as well as mutual interactions with neighboring inclusions, complicating the simple polarizability notion.
RESULTS AND DISCUSSION

Metafilm fabrication:
The metafilms were created using membrane projection lithography [23] [24] [25] . The fabrication was carried out on a 150 mm silicon CMOS fabrication line with 248 nm optical scanner. Square cavities (2 m x 2 m) in a 2.3 m period square array (1 cm x 1 cm lateral dimensions for the entire array) were etched into silicon wafers to a depth of 3 m using a photoresist/silicon nitride etch mask ( Fig. 1(a) ). The wafer was oxidized to thin the silicon walls to ~100 nm. The cavities were backfilled with polysilicon and polished back to planarize, stopping on the nitride. 100 nm of aluminum nitride was deposited and patterned with a SRR with as-drawn mask dimensions given in Fig. 1(b) . A chemical downstream etch was used to remove the polysilicon backfill material and a hydrofluoric acid etch removed the wall-thinning oxide. The SRRs were deposited via non-rotated oblique e-beam evaporation (Fig. 1(c) ), consisting of a Chromium/Gold stack (10 nm/50 nm) at 2Å/s. Multi-SRR-basis films were created by performing successive evaporations through the membrane with a substrate rotation (either 90° or 180°) between depositions. The metal-coated AlN was removed via SC1 clean (pH ~10 -H2O:NH4OH: H2O2, 5:1:1 at 70 °C), yielding the metafilm array. 
Optical measurements
For the fabrication of the measured devices, two evaporations of the SRR pattern were performed with a 180 rotation between evaporations so that the resulting unit cells had one gap-up and one gap-down SRR positioned on opposing walls. The thin unit cell walls enable coupling between the SRRs from the adjacent cells. Vertically oriented (both single and multiple ring) SRRs have coupling mechanisms that their planar brethren do not [26] [27] [28] . We show here that these back-to-back SRRs possess yet another coupling mechanism which has previously seen little discussion. The far-field scattered light was examined using a hemispherical directional reflectometer (HDR) connected to a Nicolet FTIR. At normal incidence, low frequency light lacks sufficient momentum to resolve and diffract from the periodic array of boxes. Above this frequency, diffracted orders exist, first in the high index substrate and finally in the low index air above the array (indicated by the grey region to the right of 75THz in the plots in Fig. 3 ). In addition to the measured data, the structures were modeled with commercial rigorous coupled wave analysis (RCWA) software, retaining the first 19 modes. Consider the 2-SRR-basis unit cell in the upper insets of Fig. 3 . In this case the cubic unit cell contains a gap-up SRR and a gap-down SRR located on opposite interior faces of the cavity. In a periodic array, this arrangement results in back-to-back SRRs in next-nearest-neighbor unit cells (one gap-up, one gap-down) separated by the thickness of the cavity wall. While intra-cell coupling is possible across the width of the cavity, the proximity of the SRRs in nextnearest-neighbor unit cells enables strong inter-cell coupling. In Fig. 3 (a) , the polarization is chosen so the E-field is in the X-Z plane containing the SRRs, the resonant polarization for both the gap-up and gap-down SRRs. In Fig. 3 (b) , the orthogonal polarization, corresponding to the transparent polarization for a single SRRs is shown. The B-field parallel to the closely spaced back-to-back SRRs results in an induced current on the opposite arms of the SRRs.
The field profiles in Fig. 3 (c) show the magnitude of the magnetic field in the center of the cavity wall between the two SRRs for both the resonant and transparent polarizations at three different frequencies. The field plots of the 3D-CWP mode shows a clear progression in node number with increasing frequency, while the driven field plots are more complicated. The highest magnitude of the magnetic field occurs for the resonant polarization at 17 THz, however the 3D-CWP resonance is a significant fraction of this maximum value. At higher frequencies, the strength of the magnetic field in the gap for the 3D-CWP resonance surpasses that of the resonant polarization. Fig. 4 contains a finite difference time domain (FDTD) simulation (performed using Lumerical FDTD) of the absorption spectra (un-scaled) for both gap-up and the back-to-back gap-up/gap-down SRRs under resonant and transparent polarizations. For visualization purposes, only the SRRs are shown in the polarization insets; however the simulation modeled the entire unit cell with dispersive optical constants. The raw curves are shifted vertically by 0.4 for clarity (see red arrow). Coupling to the second SRR is obvious for both polarizations. In the resonant polarization, there is an increase in the relative strengths of the peaks, and the introduction of asymmetric lineshapes in some peaks. In the orthogonal polarization the emergence of the 3D-CWP resonance (dashed black circles), is clearly observed. 
FDTD simulations
CONCLUSION
Here we have shown measured and modeled reflection data demonstrating several unique properties of 3D metafilms, and how the optical behavior of the film can be modified by using multi-SRR basis unit cells. For 2-SRR-basis unit cells with inclusions on opposite faces, the film can respond to both incident linear polarizations in either a directly driven resonance or through the excitation of the 3D-CWP resonance. These 2-SRR-basis films possess excitation mechanisms and polarization behaviors which cannot be attained in planar, or stacked planar configurations, and hint at even richer electromagnetic behaviors for metafilms composed of 3-SRR and higher bases. In this way we have gained multiple degrees of freedom to manipulate the effective behavior of 3D metafilms; one may also think of using other shapes other than SRRs, and this will further provide ways to manipulate the light-matter interaction in these 3D metafilms.
